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Thermal conductivity tensors of the cladding and active layers of interband cascade lasers The cross-plane and in-plane thermal conductivities of the W-active stages and InAs/AlSb superlattice optical cladding layer of an interband cascade laser (ICL) were characterized for temperatures ranging from 15 K to 324 K. The in-plane thermal conductivity of the active layer is somewhat larger than the cross-plane value at temperatures above about 30 K, while the thermal conductivity tensor becomes nearly isotropic at the lowest temperatures studied. These results will improve ICL performance simulations and guide the optimization of thermal management. While interband cascade lasers (ICLs) 1 emitting in the midwave infrared typically operate at room temperature, their continuous wave (cw) performance degrades rapidly once the injection current becomes high enough to heat the ridge. 2 Thermal management is therefore critical, and the magnitude of the heating is quite sensitive to the thermal impedance of each functional layer in the ICL. The primary contributors to the thermal resistance are the W-active stages and the short-period InAs/AlSb superlattice (SL) optical cladding layers. It follows that a more accurate knowledge of how the thermal conductivity tensors of those two regions vary with temperature would improve the accuracy of ICL simulations and guide the optimization of the device performance.
Although we previously measured the cross-plane 3 and in-plane thermal conductivities of these most relevant ICL regions at room temperature, 4 it is the temperature dependence that is critical for proper thermal management and no temperature dependent data were obtained at that time. In the present work, we have used the 2-wire 3x method [5] [6] [7] to measure the in-plane and cross-plane thermal conductivities at a series of temperatures ranging from 15 K to 324 K. Furthermore, we apply our recently developed error analysis technique for the 3x method to all data collected here, to provide the best estimate of the fidelity of these measurements. 8 Measurements were performed on both a W-active sample and an InAs/AlSb SL cladding sample. The active sample comprised 20 repeats of a typical ICL stage (e.g., see Fig. 3 of Ref. 1) consisting of the InAs/GaInSb/InAs/AlSb "W" electron and hole active quantum wells, the GaSb/ AlSb/GaSb/AlSb hole injector, and the InAs/AlSb electron injector with 6 quantum wells having chirped InAs thicknesses. The total thickness of the 20 stages was 0.78 lm. The sample also contained a 20-nm-thick n þ -InAs cap layer on top and a 63 nm InAs/AlSb SL transition layer that were grown on the n-GaSb substrate and 400 nm GaSb buffer layer. This structure is shown schematically as the inset of Figure 1 . The cladding sample consisted of a 7-lm-thick (8 ML n-InAs/8 ML AlSb) SL layer and a 500 nm GaSb buffer layer grown on the n-GaSb substrate, as shown in the inset of Figure 2 .
For the sample processing, half of the W-active sample was left intact, while the other half was etched to a depth of 1 lm. The etch to that depth removed the cap, active, and transition layers, along with 0.14 lm of the GaSb buffer layer. Similarly, half of the cladding sample was left unetched, whereas the other half was etched to a depth of 7 lm. Then, plasma enhanced chemical vapor deposition (PECVD) was used to deposit a 70-nm-thick SiN x layer over the full area of both sample surfaces. Wide and narrow metal filaments were then deposited on both the etched and unetched halves of the samples. The width of the wide filaments should be much larger than the thickness of the measured thin film so the heat flow is mostly in the cross-plane direction for the cross-plane thermal conductivity characterization, whereas the width of the narrow filaments needs to be comparable to the thickness of the layer of interest to induce a large in-plane component of the heat flow for the in-plane thermal conductivity measurement. The thickness of the filaments are typically 200-300 nm, which can be neither very small to increase the roughness of the filament nor very large to dissipate heat at the side. The 4-point resistance of the filaments is 20-40 X, comparable independent of the filament width. Therefore, 200-nm-thick Au filaments of width W 1 ¼ 30 lm and W 2 ¼ 1.8 lm, patterned with photolithography and e-beam lithography, respectively, were deposited on the W-active sample, while 300-nm-thick Ni filaments of widths W 1 ¼ 80 lm and W 2 ¼ 7 lm, both patterned with photolithography, were deposited on the cladding sample.
We used standard lock-in techniques to measure the samples residing in an Oxford variable temperature insert (VTI) helium gas flow cryostat, at temperatures ranging from 324 K down to 15 K. The temperature coefficients of the filaments were measured by slowly sweeping at a rate of less than 2 /h, so as to insure that the filament and cryostat calibration thermometers were at the same temperature.
The cross-plane thermal conductivity j yy of the thin film was measured from the differential 3x voltage between the wide filaments on the etched and unetched sides, according to the standard 3x method [5] [6] [7] with error analysis. 8 The GaSb buffer layer was assumed to have the same thermal conductivity as the GaSb substrate. The cross-plane thermal conductivity of the W-active layer (red crosses in Fig. 1 ) is 25% higher than for a 0.46-lm-thick W-active sample (gray cross in Fig. 1 ) that was measured by some of the present authors in a prior publication. 4 The cross-plane thermal conductivity of the cladding layer (blue crosses in Fig. 2 ) matches our previous measurement at 300 K (Ref. 4) (gray cross in Fig. 2 ). The uncertainty of the temperature coefficient dominates the error in the cross-plane characterization, hence the need for the extreme slow thermal calibration protocol described above.
We next used 3x voltage of the narrow filaments to fit the in-plane thermal conductivity j xx . First, the thermal conductivity tensor of the SiN x layer was fitted from the narrow filament on the etched side. Next, the cross-plane thermal conductivity of the W-active layer, the best fit thermal conductivities of the SiN x layer, and the isotropic GaSb substrate thermal conductivity were employed, along with an estimated thermal conductivity tensor for the W-active layer, to fit the voltage of the narrow filament on the unetched side. The resulting fits indicate that the in-plane thermal conductivity of the active stages is somewhat larger at temperatures above about 30 K, but that the thermal conductivity tensor approaches near isotropy at the lowest temperatures studied. The in-plane thermal conductivity of this thick W-active layer (red dots in Fig. 1 ) is more reliable than that of the thinner W-active layer measured previously at room temperature (gray dot in Fig. 1 ), because the narrow filament width of the present sample is more similar to the thickness of the W-active layer which harbors a larger inplane component of the heat flow. The error of the in-plane thermal conductivity results primarily from the uncertainties in both the width of the filament and the cross-plane thermal conductivity. 8 To allow for easy interpolation of the temperature dependent thermal conductivities and for easy extrapolation to higher and lower temperatures outside of the measured range, we fitted the measured temperature dependence to a Taylor expanded expression One can now make some generalized observations about these results. The measured values of the cross-plane thermal conductivities are near the lower end of the range measured in other III-V semiconductor superlattices. 11 The thermal conductivities in Figures 1 and 2 are more than one order of magnitude lower than for bulk semiconductors (InAs, GaSb, etc.), and approximately a factor of 2-3 below the lowest values reported for ternary alloys. 3, 4, 11 This might be expected given their quaternary nature which results in a greater variety of interdiffusion alloy scattering at each interface, as well as given their disparity in constituent atomic masses from the lightest Al (atomic weight of 27.0) to the heaviest Sb (atomic weight of 121.8), enhancing the phonon scattering for interdiffused species. At room temperature, the precise sequence of the layers appears to have a relatively   FIG. 2 . Cross-plane j yy (crosses) and in-plane j xx (dots) thermal conductivity of InAs/AlSb cladding layer. The gray crosses and dots are cross-plane and in-plane thermal conductivity of the same layer reported previously for room temperature. 4 The dashed lines are polynomial fittings of the data.
FIG. 1. Cross-plane j yy (crosses) and in-plane j xx (dots) thermal conductivity of the 20-stage W-active layer. The gray crosses and dots are cross-plane and in-plane thermal conductivities reported previously for a 0.46 lm-thick W-active layer measured at the room temperature. 4 The dashed lines are polynomial fittings of the data.
minor effect on the magnitude of the thermal conductivity, although the range of layer thickness variation is limited (with well thicknesses between 1.7 and 4.0 nm and barrier thicknesses between 1.2 and 2.3 nm). The thermal conductivities determined in this work are in reasonable agreement with the thermal-impedance Â area product deduced experimentally (and modeled using prior heat-transport simulations). 4 In conclusion, we have measured the in-plane and cross-plane thermal conductivity tensors of typical W-active and cladding layers for interband cascade lasers. The characterization is more accurate than for a thinner active layer that was studied previously. 4 The present measurements were carried out over a broad range of temperatures rather than only room temperature, and the present data at 300 K are consistent with the previous result. The characterization indicates a slight increase of the thermal conductivities down to 77 K, followed by a more rapid drop at lower temperatures. The in-plane thermal conductivities are consistently about a factor of 2.5-3.0 larger than the cross-plane thermal conductivities from room temperature down to 77 K. The temperature-dependent thermal conductivities were fit to an analytical power-law expression, so the full thermal conductivity tensors can be interpolated accurately for any given temperature. These data will improve the accuracy of future ICL performance simulations and guide the structural design and processing strategy for optimal thermal management.
